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Recent upgrade of the electron cyclotron resonance
heating (ECRH) system in LHD enabled to study the
plasma conﬁnement properties at the far low collisional
or collision-less regime in the helical system where spe-
ciﬁc conﬁnement features are predicted from the neo-
classical transport theory. In order to discuss the con-
ﬁnement properties in such collision-less regime, the ac-
curate estimation of the behavior of the high energy elec-
trons as well as that of the bulk electrons temperature is
required, since the high energy electrons can absorb in-
jected ECRH power at the relativistically down shifted
frequency and can deposit their energy to the bulk elec-
trons out of the region where they absorb the energy
from injected EC wave. In order to achieve or to sus-
tain higher bulk electron temperature in low the density
region, ECRH heating scenario have to be explored tak-
ing such the relativistic eﬀect into account. The electron
cyclotron emission (ECE) is the inverse process of the
ECRH absorption. Therefore, the ECE spectra are also
sensitive to the presence of high energy electrons and
include integrated information of the energy and distri-
bution of the high energy electrons.
A series of experiment is conducted to investigate
the acceleration and relaxation process of the high en-
ergy electrons. Three gyrotrons, each capable of deliv-
ering more than 1 MW power into LHD, are turned on
to the low density (0.1 × 1019 m−3 ) plasma. By chang-
ing the injection condition of each antenna and the an-
tenna from which power is modulated, the response of
the plasma is observed by diamagnetic stored energy,
pulse height analysis of the hard X-ray, and ECE spec-
tra. Figure 1 is the example of the response of the stored
energy, wp. Here are shown the time response of wp to
the 5 Hz power modulated ECRH injection for low (0.1
× 1019 m−3 ). High density (0.9 × 1019 m−3 ) case is
also shown with dashed-dotted line. Maximum wp in low
density case reaches to the comparable level as that in
the high density case. That is a clear indication of the
presence of high energy electrons. The response time of
the bulk electrons is the order of 20-50 ms at high den-
sity. While that of high energy components is 200 to
300 ms. The more high energy electrons are created and
the response of wp is enhanced as the heating position is
shifted oﬀ-axis toward high ﬁeld side. Those are qualita-
tively explained by the fact that the drift surface of the
ripple trapped electrons and the eﬀect of relativistically
down shifted resonance.
ECE spectra gives detailed information about the
energy and position of the high energy electrons. In Fig.
Fig. 1: Time response of the stored energy to 5 Hz modu-
lated ECH for low density (0.1 × 1019 m−3) cases. The cases
for the perpendicular injection beam modulated with on-axis
and oﬀ-axis are plotted with solid and broken lines, respec-
tively. Dotted lines show the cases where oblique injection
beam is modulated for on- and oﬀ- axis perpendicular heated
plasma with rough and ﬁne dots, respectively. High density
case (0.9×1019m−3) with oﬀ-axis perpendicular are modu-
lated oblique injection is shown with dashed-dotted line for
reference.
2 is shown the contour of the ECE spectra as time in
horizontal axis and radial normalized position of the sec-
ond harmonic cold resonance on the vertical axis. The
peaks appear in the low frequency side (upper side corre-
sponding to peripheral second harmonic cold resonance
position) shows slower response than the high frequency
side. Detailed comparison of the calculated ECE spectra
including the high energy components and the results is
underway.
Fig. 2: ECE spectra contour showing the temporal change
of the ECE spectrum a function of averaged minor radius
corresponding to a second harmonic resonance position. Per-
pendicular oﬀ-axis injection beam is modulated with 5 Hz on
the plasma sustained by obliquely injected ECRH.
 
Density clamping or pump-out is observed in both 
tokamaks and helical systems during high power heating, 
particularly electron cyclotron resonance heating (ECRH). It 
also changes the electric potential to positive values. The 
change of the radial electric field structure has large effects 
on the confinement. The changes in the electron density and 
the radial electric field interact each other. Therefore, a good 
understanding of density clamping phenomena is important 
to achieve a good confinement and to clarify effects of the 
radial electric field structure on the confinement. Two 
possible mechanisms are discussed for the density clamping. 
One is the increase in the number of trapped particles, which 
can enhance radial particle flux, because ECRH accelerates 
electrons in the perpendicular direction to magnetic field 
lines. This is ECRH specific mechanism. The other is the 
confinement degradation due to instabilities like trapped 
electron modes. Such degradation of particle confinement is 
also observed in a tangential negative ion neutral beam 
heated plasma in LHD for low density discharges, where 
electron heating is dominant and heating in parallel to the 
magnetic field. 
To distinguish these two effects, 1MW 77GHz ECRH has 
been superposed on NBI target plasmas at the magnetic-
ripple top or bottom (Fig. 1), where the loss cone region is 
wider for the ripple bottom than for the ripple top, in the 
Large Helical Device (LHD). ECRH has been applied on 
the bottom of both toroidal ripple and helical ripple. Second 
harmonic X(X2)-mode ECRH has been used because X2-
mode ECRH accelerates perpendicular speed more than 
fundamental O(O1)-mode. The power deposition profiles 
are set identical and sharp at the normalized minor radius 
ρ=0.3 for both cases. The magnetic field strength is adjusted 
to the second harmonic resonance condition (1.375T for 
77GHz) at desired position. The electron density is about 
0.61019m-3 below the cutoff density of ECRH. The line 
integrated electron density is measured by multi-channel 
FIR laser interferometers. The local electron density is 
measured and estimated by both Thomson scattering and 
Abel transformed FIR interferometer. The electron 
temperature and electric potential are measured with 
Thomson scattering and a heavy ion beam probe (HIBP), 
respectively. 
Fast and local decrease in the electron density and change 
in the electric potential have been observed for 5ms after the 
start of the bottom ECRH (Fig. 2). Both the electric 
potential and the electron density change rapidly only inside 
the heating position. Fast changes in the electric potential 
and the electron density don’t occur outside the heating 
position. The change in the electric potential indicates that 
the ECRH induces non-ambipolar particle flux, and it is 
consistent with the electron density drop qualitatively.  
Such fast changes are not observed in the top ECRH case. 
However, large differences in the electric potential and the 
electron temperature have been observed. The effective 
deposition power is estimated from the change in the slope 
of a stored energy. The effective deposited power has been 
241kW and 546kW for the top and bottom ECRH cases, 
respectively. In order to estimate the flux enhanced by the 
production of trapped particles, further investigations are 
required.  
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Fig. 2. Fast changes in the electron density and potential 
by ECRH on the magnetic ripple bottom. 
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Fig. 1. Cross section of torus and Mod-B contour on toroidal 
poloidal plane on 䃠=0.3. ECRH is applied on the magnetic 
ripple (a) top and (b) bottom. 
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